ABSTRACT For the first time up to our knowledge, a centralized-light-source two-way eight-level pulse amplitude modulation (PAM8)/four-level pulse amplitude modulation (PAM4) free-space optical (FSO) communication with parallel optical injection-locked vertical-cavity surface-emitting laser (VCSEL) transmitter is practically demonstrated. With the assistance of parallel optical injection locking, injection locking in the polarization sideband causes a simultaneous generation of the free-running orthogonal polarization sideband to form a centralized-light-source scheme. With the centralized light source, additional light source or wavelength reuse component, such as Fabry-Perot laser diode or reflective semiconductor optical amplifier, is not needed at the receiver side. It is very attractive because it enables the receiver side to share the light source remotely located at the transmitter side. Based on the centralized-light-source scheme and parallel optical injection-locking operation, the injection-locked parallel polarization sideband is used for downlink transmission, and the induced free-running orthogonal polarization sideband is transmitted and used as the optical carrier for uplink transmission. Over a 200-m free-space link, good bit-errorrate (BER) performance, the qualified PAM8, and PAM4 eye diagrams are obtained for two-way FSO communications. This proposed centralized-light-source two-way FSO communication provides a practical choice for two-way high transmission capacities and considerably develops the scenario characterized by parallel optical injection locking.
I. INTRODUCTION
For a fixed bandwidth, eight-level pulse amplitude modulation (PAM8)/four-level pulse amplitude modulation (PAM4) enables three/two times the transmission rate compared with none-return-to-zero (NRZ). PAM8/PAM4 is thereby promisingly advantageous for providing high-transmissionrate [1] - [5] . Nevertheless, PAM8/PAM4 is more subject to noise than NRZ. It should give a higher price for a higher optical signal-to-noise ratio (OSNR) for optical PAM8/PAM4 signal transmission. Accordingly, PAM8/PAM4 is appropriate for building a high-speed
The associate editor coordinating the review of this manuscript and approving it for publication was Pallab K. Choudhury. but short-reach lightwave transmission. The polarization domain has been examined substantially for optical wireless communications. Parallel/orthogonally polarized dual-sideband operation is greatly matched with two-way free-space optical (FSO) communications [6] - [8] . Verticalcavity surface-emitting laser (VCSEL) has excellent optical characteristics including low operation current, single longitudinal mode operation, and large modulation bandwidth. These characteristics make VCSEL useful for lightwave transmission systems. A single-mode VCSEL with parallel optical injection locking will excite a concurrent generation of the free-running orthogonal polarization sideband, indicating that injection-locked parallel polarization sideband and free-running orthogonal polarization sideband occur at the same time [9] - [12] . Moreover, parallel optical injection locking exhibits a frequency response enhancement in parallel polarization. Parallel optical injection-locked VCSEL transmitter is thereby possessed a promising feature for affording a high-transmission-rate FSO communication.
For a practical deploying of two-way FSO communication, the receiver side requires an additional light source or a wavelength reuse component for upstream modulation. Fabry-Perot laser diode (FP LD) and reflective semiconductor optical amplifier (RSOA) are mostly employed in two-way FSO communications for upstream [13] , [14] . For the FP LD, however, additional light source is needed for upstream carrier generation and transmission. As for the RSOA, nevertheless, RSOA with its limitation is not able to support high transmission capacity for upstream. In this study, a centralized-light-source two-way PAM8/PAM4 FSO communication that adopts a parallel optical injection-locked VCSEL transmitter is proposed and practically constructed. OSNRFor the first time up to our knowledge, this study is the pioneering one that adopts parallel optical injection locking operation in a centralizedlight-source two-way PAM8/PAM4 FSO communication. Noticeably, injection-locked parallel polarization sideband and free-running orthogonal polarization sideband exist concurrently to form a centralized-light-source scheme. With a centralized-light-source scheme in the transmitter side for downlink and uplink transmissions, the receiver side is kept source-free [15] , [16] . Such architecture is attractive because it enables the receiver side to share the light source remotely generated at the transmitter side. With centralized-light-source scheme and parallel optical injection locking operation, the injection-locked parallel polarization sideband is utilized as the downstream carrier for 84 Gb/s PAM8 signal modulation, and the induced free-running orthogonal polarization sideband is transmitted and utilized as the upstream carrier for 45 Gb/s PAM4 signal modulation. Mach-Zehnder modulator (MZM) is deployed at the receiver side to replace the traditional optical components of LD and RSOA for upstream modulation. The MZM provides a good platform to modulate 45 Gb/s PAM4 signal with one optical carrier (induced free-running orthogonal polarization sideband), which makes a breakthrough in upstream transmission capacity. A set of doublet lenses is adopted to operate a 200-m free-space transport in the 1550 nm wavelength [17] , [18] . Through a 200-m free-space link, the link performance of the proposed centralizedlight-source two-way PAM8/PAM4 FSO communication has been analyzed by bit error rate (BER) and eye diagrams. For downlink transmission, the link performance has been investigated in real-time for PAM8 eye diagrams and post-processing for BER values [19] . For uplink transmission, the link performance has been examined in real-time for PAM4 eye diagrams and BER values. BER measurement is executed by auto-searching using a one-channel error detector and the PAM4 3-eye (upper/middle/lower) sampling method [20] . With an in-depth investigation, competent BER performances, qualified PAM8 and PAM4 eye diagrams are attained at 84 Gb/s (downstream) and 45 Gb/s (upstream) operations through a 200-m free-space link.
System complexity and power dissipation are key concerns for the implementation of different modulation formats in FSO communications. For orthogonal frequency-division multiplexing (OFDM) modulation, the main problems of OFDM are its high peak to average power ratio and its sensitivity to phase noise and frequency offset. As for quadrature amplitude modulation (QAM) modulation, QAM modulation is more susceptible to the noise because QAM receiver is more complex compare to receivers of other modulation types. And further, as QAM utilizes amplitude component of signal to denote binary data, linearity needs to be maintained and thereby linear amplifier is required which spends more power. OFDM/QAM-OFDM FSO communications have been proposed in [21] and [22] . However, these OFDM/QAM-OFDM signals must be generated offline by MATLAB program and uploaded into an expensive arbitrary waveform generator (AWG). At the receiver side, these OFDM/QAM-OFDM signals must be calculated offline by MATLAB for the analysis of BER performance and the corresponding constellation map. In comparison with OFDM/QAM-OFDM FSO communications, PAM8/PAM4 FSO communication does not require expensive AWG (PAM8/PAM4) and complicated offline calculation (PAM4). Therefore, PAM8/PAM4 is preferable due to low power consumption and system simplicity. A previous study demonstrated a 12.5 Gb/s multi-channel broadcasting transmission for FSO communication based on the optical frequency comb module [23] . However, the freespace transmission rate of 12.5 Gb/s is far less than the corresponding value of 84 Gb/s (downstream) adopted in our proposed FSO communication. Moreover, a bidirectional fiber-invisible laser light communication and fiber-wireless convergence system with two orthogonally polarized optical sidebands was presented in [24] . Nevertheless, the freespace transmission rate of 10 Gb/s (downstream)/10 Gb/s (upstream) and the free-space link of 100 m are significantly less than the related values of 84 Gb/s (downstream)/45 Gb/s (upstream) and 200 m adopted in this proposed FSO communication. Additionally, a former research demonstrated a 9-Gbps/5-m QAM-OFDM visible light communication with a 450-nm GaN laser diode transmitter [22] . Nonetheless, the 9-Gbps/5-m are greatly less than the corresponding values of 84-Gb/s (downstream)/200-m adopted in such proposed FSO communication. This demonstrated centralized-lightsource two-way PAM8/PAM4 FSO communication with a parallel optical injection-locked VCSEL transmitter is promising for the development of high-speed two-way optical wireless communications. It is superior to previous FSO communications [22] - [24] given its features for providing high transmission capacity with sufficient mobility. VOLUME 7, 2019 FIGURE 1. The framework of the offered two-way PAM8/PAM4 FSO communication with a parallel optical injection-locked VCSEL transmitter, and the measurement structure of the frequency response of two-way PAM8/PAM4 FSO communication.
II. EXPERIMENTAL SETUP A. FRAMEWORK OF THE PROPOSED TWO-WAY PAM8/PAM4 FSO COMMUNICATIONS
The framework of the offered two-way PAM8/PAM4 FSO communications that adopts a parallel optical injectionlocked VCSEL transmitter is presented in Fig. 1 . Additionally, Table 1 summarizes the key physical parameters of the transmission setup. A three-channel pseudorandom binary sequence (PRBS) pattern generator generates three binary PRBS data streams at 28 Gb/s with a length of 2 15 −1. A PAM8 converter is used to transfer three 28 Gb/s NRZ signals into an 84 Gb/s PAM8 signal. After conversion, a VCSEL transmitter is directly modulated by an 84 Gb/s PAM8 signal. An optical carrier from the VCSEL is transmitted together with the PAM8 signal in the free-space channel to implement a direct amplitude modulated FSO communication. PAM8 linearity is an important parameter for PAM8 VCSEL-based FSO communication, a linear driver should be deployed after the PAM8 converter to enhance the PAM8 signal so as to operate the VCSEL in the linear region. Nevertheless, since that the power-driving current curve of VCSEL is very near the linear distribution, a linear driver to enhance the PAM8 signal is not required [25] . The light from a tunable laser (1550.44 nm) is injected into a VCSEL (1550.42 nm) via an integration of a variable optical attenuator (VOA), a polarization controller (PC), and an optical circulator (OC1). This single mode VCSEL, with a threshold current of 2 mA and a 3-dB bandwidth of 10.2 GHz, is aimed for high-speed and high-performance optical communications. The VOA is utilized to control the injected power level, and the PC is adjusted to ensure the behavior of parallel optical injection. The injection-locked parallel polarization (x-polarization) sideband with 84 Gb/s PAM8 signal and the induced free-running orthogonal polarization (y-polarization) sideband [insert (a)] are enhanced by an erbium-doped fiber amplifier (EDFA), attenuated by a VOA, and transmitted through a 200-m free-space link via two OCs (OC2 and OC3) and a set of doublet lenses. The output power and noise figure of EDFA are 17 dBm and 4.5 dB at an input power of 0 dBm, respectively. An atmospheric attenuation of approximately 1 dB exists for a 200-m free-space link. Thereafter, the light is split into two branches along the two orthogonally polarized sidebands using a PC with a polarization beam splitter. The PC is deployed to adjust the x-polarization [insert (b)] and y-polarization [insert (c)] sidebands. The x-polarization sideband with PAM8 signal is detected by an x-polarized receiver with a 3-dB bandwidth of 25 GHz. The link performance of the proposed 84 Gb/s PAM8 FSO communication with a parallel optical injection-locked VCSEL transmitter is investigated in real-time for eye diagrams and post-processing for BER values. The PAM8 eye diagrams are caught using a digital storage oscilloscope (DSO), and the BER values are offline processed through the processes of synchronization, equalization, and hard decision. In the process of synchronization, a segment of 10k PAM8 symbols is windowed. After synchronization, a decision feedback equalizer (DFE) is adopted to compensate for the received PAM8 signal by removing the overall channel effects, including inter-symbol interference (ISI) and transceiver nonlinearity. Subsequently, a hard decision is adopted to recover the PAM8 signal.
For uplink transmission, the induced free-running orthogonal polarization (y-polarization) sideband is sent to a MZM which is modulated by a 45 Gb/s PAM4 signal. A twochannel PRBS pattern generator generates two binary PRBS data streams at 22.5 Gb/s with a length of 2 15 − 1. A PAM4 converter is used to transfer two 22.5 Gb/s NRZ signals into a 45 Gb/s PAM4 signal. The output of the MZM is boosted by an EDFA, controlled by a VOA, circulated by OC3, and sent to a 200-m free-space link. Afterwards, the upstream signal is circulated by OC2 and received by a y-polarized receiver with a 3-dB bandwidth of 20 GHz. After equalization by a linear equalizer, BER measurement is implemented by using a high-sensitivity one-channel error detector. In addition, a DSO is used to catch the PAM4 eye diagrams.
As to the frequency response, the measurement structure of the frequency response of two-way PAM8/PAM4 FSO communication is illustrated in Fig. 1 as well. RF sweep signal (DC -26 GHz) generated from a network analyzer is supplied to the VCSEL. For x-polarization, after receiving by an x-polarized receiver, the RF sweep signal is sent back to the network analyzer. Whereas for y-polarization, after receiving by a y-polarized receiver, the RF sweep signal is sent back to the network analyzer. Thus, the frequency response of twoway PAM8/PAM4 FSO communication is measured for the states of free-running (x-polarization and y-polarization) and injection locking (x-polarization).
B. DECISION FEEDBACK EQUALIZER (DFE)
The functional diagram of the DFE is illustrated in Fig. 2 . For DFE, x denotes the input,b n denotes the feedforward coefficient, c n denotes the feedback coefficient, y denotes the summation of weighted taps, d denotes the output of decision scheme, and e denotes the error from error feedback. The signal is sampled at an instant time of t 0 +kT (t 0 is the initial time, T is the signal interval) to obtain the sum of the weighted taps y [26] : where n is an integer from 0 to N-1 (n = 0, 1, 2, . . . .
. ., N-1).
The error e is determined by the summation of weighted taps y and output decision d:
To estimate the channel effects, a sequence of training signal is placed in front of the data signal. Here, the output decision d is the training signal rather than received signal after decision. By utilizing the training signal, the channel response repeatedly updates the feedforward coefficient b n and the feedback coefficient c n :
where u is the step size. As running out the training signal, the coefficients b n and c n are stabilized, and d is then transferred to the received PAM8 signal. Since that the coefficients b n and c n are stabilized, the error e repeatedly updates the coefficients and thereby adaptively compensates for the received PAM8 signal as the output of the DFE. The hard decision after the DFE (Fig. 1 ) makes a decision based on the threshold level to recover the PAM8 signal. Both DFE and hard decision are contributed to obtaining good BER performance. They are very effective in reducing error propagation and improving BER performance.
III. EXPERIMENTAL RESULTS AND DISCUSSIONS
To have a close connection with parallel optical injection and induced free-running orthogonal polarization sideband, we adjust the parallel optical injection power level to observe the variation of the induced free-running orthogonal polarization sideband. Fig. 3(a) , 3(b) , and 3(c) presents the optical spectra of the VCSEL for the states of free-running [ Fig. 3(a) ], optimum parallel optical injection [ Fig. 3(b) ], and strong parallel optical injection [ Fig. 3(c) ]. The free-running VCSEL possesses a parallel polarization sideband at a wavelength of 1540.42 nm [ Fig. 3(a) ]. As the VCSEL is injectionlocked (optimum parallel optical injection), the optical power of the parallel polarization sideband is enhanced and its optical spectrum is shifted to a slight longer wavelength at a wavelength of 1540.44 nm. Besides, injection locking in the polarization sideband induces a concurrent generation of the free-running orthogonal polarization sideband. Optimum parallel optical injection causes a larger amount of stimulated recombination of carriers [27] , [28] . In this way, the orthogonal polarization sideband is induced and generated at its free-running frequency. The wavelength of free-running orthogonal polarization sideband is shorter than that of injection-locked parallel polarization sideband by 0.26 nm [ Fig. 3(b) ], signifying VCSEL with a birefringence of 32.5 GHz. However, it is to be observed that strong parallel optical injection causes a great power decrease corresponding to the orthogonal polarization sideband. The optical power of the orthogonal polarization sideband is approximately 37 dB lower than that of the parallel polarization sideband [ Fig. 3(c) ]. The optical power of parallel optical injection locking sideband (P x ) can be described by the injection power (P inj ) [9] - [12] :
where k denotes the field decay rate, r denotes the linear dichroism, v i denotes the frequency detuning between the injection source and the parallel polarization sideband, and α denotes the linewidth enhancement factor. Clearly, from equation (5), P x is proportional to P inj . The optical power of parallel optical injection locking sideband increases with an increase in injection power. With parallel optical injection locking, the optical power of parallel polarization sideband will be enhanced. With optimum parallel optical injection, the optical power of induced free-running orthogonal polarization sideband (P y ) will be stimulated and generated. With strong parallel optical injection, the optical power of induced free-running orthogonal polarization sideband can be stated as [9] - [12] :
where µ denotes the normalized bias current. Obviously, from equation (6), P y decreases with an increase in P x . With strong parallel optical injection, nevertheless, the optical power of induced free-running orthogonal polarization sideband decreases with an increase in the optical power of parallel optical injection locking sideband. With strong parallel optical injection, the optical power of induced orthogonal polarization sideband will be considerably reduced at its free-running frequency. The frequency responses of two-way PAM8/PAM4 FSO communication under the scenarios of free-running (x-polarization and y-polarization) and injection locking (x-polarization) are shown in Fig. 4. For x-polarization, clearly, the 3-dB bandwidth can be as high as 24.3 GHz. Optical injection locking is one of the most promising candidates to conquer the 3-dB bandwidth bottleneck. The 3-dB bandwidth can be greatly enhanced (1.0. 
communication [24.3×
√ 2×3 (PAM8 modulation) > 84] can be satisfactorily developed for downlink transmission [29] . As for y-polarization, a 10.1-GHz 3-dB bandwidth is attained under the scenario of free-running. The figure shows the 3-dB bandwidths for free-running scenario (x-and y-polarizations) are closely the same, representing that the effect by polarization is almost none. Given that MZM with a 40-GHz 3-dB bandwidth, a 45 Gb/s PAM4 FSO communication can be satisfactorily built for uplink transmission.
For downlink transmission, the BER performances of 84 Gb/s PAM8 signal for back-to-back (BTB) state and through 200-m free-space transmission (x-polarization) are displayed in Fig. 5 . At a BER value of 10 −9 , a power penalty of 3.3 dB exists between the states of BTB and over 200-m free-space transmission. Good BER performance of 10 −9 is chiefly resulted in the DFE process to remove the overall channel effects. Receiver with DFE is an effective approach to overcome the ISI and transceiver nonlinearity problems. The 3.3 dB power penalty is mainly ascribed to the atmospheric attenuation due to 200-m free-space transmission, coupling loss between the laser beam and the ferrule of optical fiber, and link loss due to noise from stray light received by the receiver. The atmospheric attenuation can be expressed by the exponential Beers-Lambert Law [30] - [36] :
where τ (z) denotes the transmittance after transmitting z distance, z is the free-space transmission distance, P 0 is the laser power at the transmitter side, P(z) is the laser power after transmitting z distance, and σ is the atmospheric attenuation coefficient. The exact value of the atmospheric attenuation coefficient σ varies with different weather types. In clear weather (σ = 0.1), through a 200-m (0.2-km) free-space link the atmospheric attenuation can be calculated as:
In this work, a 200-m free-space transmission produces 1 dB atmospheric loss. This demonstrated 200-m free-space transmission satisfies the availability requirement of FSO communications. Over a 200-m free-space transmission, the atmospheric attenuation can change from 1 dB (clear weather) to 50 dB (bad weather) [35] . High atmospheric attenuation in bad weather results in the unavailability of FSO communications. Moreover, through a 200-m free-space link, it is vital to fit the laser beam size to the aperture area of fiber collimator to avoid large coupling loss and maintain the free-space link workably. Since that the laser beam is very narrow and the aperture area of fiber collimator is extremely small, operating the free-space transmission to work as if the optical fibers were linked is critical. If the laser beam size is smaller than the aperture area of fiber collimator (laser beam with a small divergence angle), then there is a small coupling loss at the receiver end. Thereby, better BER performance is obtained because of more optical power coupled into the optical fiber. By contrast, if the laser beam size is larger than the aperture area of fiber collimator (laser beam with a large divergence angle), then there is a large coupling loss at the receiver end. Thereby, worse BER performance is obtained because of less optical power coupled into the optical fiber. And further, since PAM8 is more subject to noise than PAM4, yet link loss due to noise from stray light received by the receiver affects the link budget. An atmospheric attenuation of around 1 dB exists for a 200-m freespace link, a coupling loss of around 1.5 dB exists between the laser beam and the ferrule of the optical fiber, and a link loss of around 0.7 dB exists due to noise from stray For BTB state, the received optical power is −2.8 dBm to obtain a 10 −9 BER operation. For the state of over 200-m free-space transmission, the received optical power is 0.5 dBm to compensate for the OSNR reduction and to obtain a 10 −9 BER operation. The OSNR for the state of over 200-m free-space transmission satisfies the minimum requirement of 10 −9 BER operation. Thereby, the eye opening for BTB is bigger than that for 200-m free-space transmission. For uplink transmission, the BER performances of 45 Gb/s PAM4 signal for BTB scenario and over 200-m free-space transmission (y-polarization) are presented in Fig. 6 . At a BER value of 10 −9 , a low power penalty of 2.5 dB exists between the scenarios of BTB and over 200-m free-space transmission. A low power penalty of 2.5 dB is primarily attributed to atmospheric attenuation due to 200-m free-space transmission and coupling loss between the laser beam and the ferrule of the optical fiber. Given that PAM8 is more susceptible to the noise than PAM4, the power penalty between the scenarios of BTB and over 200-m free-space transmission for PAM4 is lower than that for PAM8. An atmospheric attenuation of about 1 dB exists for a 200-m free-space link, and a coupling loss of about 1.5 dB exists between the laser beam and the ferrule of the optical fiber. Thus, a link budget of 2.5 dB (1 + 1.5) exists. The link budget of 2.5 dB matches the power penalty of 2.5 dB. As for eye diagrams, the eye diagrams of the 64 Gb/s PAM4 signal over 200-m free-space transmission are also displayed in Fig. 6 . It can be found that clear PAM4 eye diagrams exist for BTB scenario. In addition, PAM4 eye diagrams with good characteristic exist for the scenario of over 200-m free-space transmission. This finding reveals that, with parallel optical injection locking at the transmitter side, a 1550-nm VCSEL transmitter with induced free-running orthogonal polarization sideband is adequately effective for a 45 Gb/s PAM4 uplink transmission.
For the future extension of two-way FSO communications, multi-channel transmission in each direction can be deployed to set up an ultra-high-speed two-way PAM8/PAM4 FSO communication. The free-space transmission rate can be considerably increased by dense-wavelength-divisionmultiplexing (DWDM) and space-division-multiplexing (SDM) schemes. DWDM scheme, which utilizes different optical wavelengths to transport the integrated data signals, is anticipated to improve the overall transmission rate of two-way FSO communications. SDM scheme, which multiplexes and de-multiplexes optical channels in the freespace, is anticipated to provide ultrahigh transmission rate in two-way FSO communications. A DWDM/SDM two-way PAM8/PAM4 FSO communication will afford the benefits of optical wireless communications for ultrahigh transmission capacity with sufficient flexibility.
IV. SUMMARY AND CONCLUSION
A centralized-light-source two-way PAM8/PAM4 FSO communication over 200-m free-space transmission is demonstrated for the first time. With parallel optical injection locking, injection-locked parallel polarization sideband and induced free-running orthogonal polarization sideband exist simultaneously so as to realize a centralized-light-source scheme. With centralized-light-source, the receiver side can be kept source-free. It is attractive because additional light VOLUME 7, 2019 source or wavelength reuse component is not required at the receiver side. Injection-locked parallel polarization sideband is used as the downstream carrier for 84 Gb/s PAM8 signal transmission, and induced free-running orthogonal polarization sideband is delivered and utilized as the upstream carrier for 45 Gb/s PAM4 signal transmission. Brilliant BER performance, qualified PAM8 and PAM4 eye diagrams are attained for downstream and upstream modulations. Such demonstrated centralized-light-source PAM8/PAM4 FSO communication is shown to be a promising solution for affording high-transmission-rate and opening a door to speed up wide applications in two-way FSO communications. 
